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In situ control of electron gas dimensionality in freely suspended
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We present fabrication and measurements of gated suspended low-dimensional electron systems.
The core component of the device is a low-dimensional electron gas embedded in a free-standing
beam processed from a GaAs/AlGaAs heterostructure. The dimensionality of the electronic system
is fully controlled by a number of gating electrodes on the suspended membranes. Operation in the
quantum Hall regime, in the one-dimensional case, and as zero-dimensional quantum dots is
demonstrated. The resulting devices can be applied as ultrasensitive bolometers and as
nanoelectromechanical circuits that reach the ultimate limits of displacement detectid@80®
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Successive dimensional reduction of electron systems iSince the fabrication of the earliest free-standing cantilevers
semiconductor heterointerfaces led from the realization ofhat contained relatively large two-dimensional electron sys-
high mobility transistors to the discovery of the quantumtems (2DEGS,**'? mechanical properties of a suspended
Hall effect, quantum point contactQPC$, and finally to 2DEG resonator have been probed for smaller bédms.
quantum dots that operate as single electron transistara. ~ Hallbars}* ballistic cavitie$® and quantum point contaéts
similar way, the mechanical properties of semiconductohave been integrated into suspended heterostructures. Re-
nanostructures can be distinctly modified by constraining theently, we reported on single electron tunneling in a freely
size of the crystalline host in one or more dimensions: Insuspended quantum dot that formed an electron—phonon
contrast to bulk material the phonon spectrum in these “phocaVitY-S’lG
non cavities” is split into discrete subbands and quantization =~ Here we want to address fabrication and control of fully
effects become important for the thermal conductivitiy. tunable gated low-dimensional electron systems in freely
Along with ongoing progress in nanoprocessing technologypuspended GaAs/AlGaAs membranes. In these structures the
it has recently become possible to fabricate free-standingimension of the electron system can be continuously re-
nanostructures with thickness of the order of only 100 nm irduced to form a 2DEG, a quantum point contact, as well as
which these quantization effects have been obsetved. ~ Single or double quantum dots thus allowing detailed inves-

Gaining control of the phonon density of states opens ugigation of dissipation in phonon cavities.

the possibility of designing a spectrum of lattice vibrations "€ starting material is a molecular beam epitaxially
and, in particular, of tailoring the electron—phonon interac-9"0WN GaAs/AlGaAs heterostructure which contains two

tion in the phonon cavity. While certain phonon modes carfunctional layer stacks, described elsewtfeTére top part of
be completely decoupled from the electronic system, thdhe structure is th,e 130 nm thick active layer _Wh'Ch wil
spontaneous emission of other modes can be strongl main free standing after processing. It contains a delta-
enhanced.Thus, phonon confinement seems to be a proms oped GaAs/AJGay AS quaptum weI'I located 40 nm_be—
ising way by which to increase control of dissipation andIOW the sample surface which sustains the 2DEG with an

. . . > C 7 “ynilluminated sheet density of,=9.1x 10 cm™2 and mo-
dephasing processes in electronic systems which is an |mpolg—iIity 1=234000 crA/V's. Below, the sacrificial layer con-

tant, yet unsolved, problem for the realization of quantumSisting of 400 nm of Al 4Ga, As separates the active layer

b|tsdar(;d_ q[uanttjmd gomputattfntFurthter_morel, fre(;a_ly sus- from the buffer.
pended integrated devices that contain a low-GImensional oy ieaiion of the samples involves a series of process-

electron system .Can be employed. to obtain uItrasenSmVﬁ1g steps starting with the application of AuGeNi ohmic con-
polprgeltgréand displacement detection close to the quantum_ .« a5 well as thick Au bond pads by optical lithography.
limit. L Subsequently, gate electrodes are defined along with high-
However, a combination of electron and phonon systemseqqytion position marks by electron beam lithography and
of reduced dimensionality has only been put forth recently.,ared with 50 nm of Au. In the second step of electron
beam lithography which is carefully aligned with the existing
dElectronic mail: eva.hoehberger@physik.uni-muenchen.de gate structures a mesa consisting of a beam with lehgth

0003-6951/2003/82(23)/4160/3/$20.00 4160 © 2003 American Institute of Physics
Downloaded 02 Jun 2003 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 82, No. 23, 9 June 2003 Hohberger et al. 4161

G (e’7h)

FIG. 1. Scanning electron micrograph of a freely suspended nanostructure 4 B (T)
that sustains a fully tunable low-dimensional electron system. A 2DEG is

embedded in the 950 nm wide, 4m long, 130 nm thick free-standing . S . .
beam. Depletion of five equally suspended Au gate electrodes can be used I'f(IJG 2. ghUbn"t(oc\;_bdi H?has o_scﬂlgéloni Q ct:)nddllj_cta(ﬁoef a gzteg(szoDlll(EiG
reduce the electronic dimension continuously from 2D, 1D to 0D, allowing'n€) @nd ungated but otherwise identidalotted ling suspende

one to operate the device as 2DEG, QPC, single or double quantum dot. r'_neasured at1.5 K The_ Inset d!splays the same curves iB aepfesenta-
tion, clearly showing spin-split filling factors of 3, 5, and 7.

=4 pm and widthw=950 nm is patterned and protected by . ) )
a 60 nm thick Ni etch mask. Highly anisotripic inductive voirs, the energy levels of which could be tuned with one of

coupled plasm4ICP) reactive ion etchingRIE) with SiCl, the side gates. Beyond the single dot, all gate electrodes can

was employed to transfer the sample geometry into thde blaseq to define a fully tunable serial double ddtapd
2DEG and through the sacrificial layer. In order to minimize B+ see Fig. 1 _ . _

edge depletion of the 2DEG and implantation of defects that !N Fig. 2, the differential conductand®=d1/dVsp is

lead to reduced electron mobility a radio frequency power oflotted versus a perpendicular magnetic fid clearly

10 W was used to keep the etching bias below 40 V whereaghowing resolved Shubnikov—de Haas oscillations down to
the plasma was generated at an ICP power of 30 W. Aftef-6 T at a temperature of 1.5 K. The solid line shows a trace
dissolving the etch mask in a solution of Ren—Cl the of the magnetoconductance for a gated beam like the one
sacrificial layer is removed beneath the mesa and gate elegisplayed in Fig. 1 whereas the dotted line represents that
trodes by wet etching in 0.1% hydrofluoric acid. The result-taken for an identical but ungated reference beam. Strikingly,
ing free-standing structures are critical point dried in order to0t only is the zero field conductance almost identical in

prevent rupture due to surface tension of the evaporatin§Oth cases, but the positions of the magnetoconductance
solvent. minima that represent integer filling factors are also reached

A typical sample is displayed in Fig. 1. The scanningat the same magnetic field values. Hence, both the carrier

electron microscopy micrograph was taken at a steep angRensity ns=ge/hx 1/A(1/B)=6.25< 10'* cm™~? with spin
to emphasize the three-dimensional character of the devicdegeneracy factog=1 as well as the mobility of the
The 950 nm wide, 4um long, 130 nm thick free-standing Samplesu=(Gg/nse) X I/We;=5500 cnf/V's, with Gq be-
beam is clearly visible in the center of the nanostructure. Duénd the zero field conductance, remain unaffected by the un-
to edge depletion from the reactive ion etch the width of thebiased Schottky gates, which is strong evidence of the
embedded 2DEG is reduced to abay=800 nm. Beneath sample quality obtained. The reduced mobility compared to
the points where the suspended beam is clamped, the suffe sheet value is a result of the reactive ion etching and is
porting remainders of the sacrificial layer can also be disobserved for suspended and nonsuspended safhSipm
cerned. The mesa is crossed by three equally suspended 9Blitting is resolved fov=7, 5, and 3 as can be seen from
nm wide Au electrodeggate Nos. 1, 3, and)Svhich can be the inset that displays the same data vers@s 1/
used to deplete the 2DEG and form QPCs or tunneling bar- Application of a negative bias to one of the crossing
riers. The spacing between two adjacent crossing gates is 52@&tes(e.g., gate No. 1 in Fig.)lleads to the depletion of the
nm. In addition, two suspended side gatgate Nos. 2 and underlying 2DEG and the number of conductance channels
4) of the same width are situated in between the crossings successively reduced within the constriction. Since the
electrodes, enabling further control of the electron system. 2DEG is not homogeneously depleted below the gate a con-
The measurements detailed in the following illustrate theducting one-dimension&l D) channel remains populated be-
flexibility of the devices described and allow one to study thefore pinchoff and forms a QPC. The differential conductance
dissipation mechanisms in the phonon cavity for continu-G of the sample &5 K is plotted as a function 0¥y, by the
ously varying electronic dimensions. First, the 2DEG wassolid line in Fig. 3a) and it shows smooth conductance
characterized by magnetotransport measurements. Theguantization steps before the 2DEG is pinched offvgt
depletion of one of the crossing gates was used to form & —2.0 V. In the derivative of the conductance curve
QPC. Subsequently, two neighboring crossing gates werdG/dV,, added to Fig. @) as a dashed line four conduc-
employed as tunneling barriers to define a quantum(det tance steps are clearly identified as minima.

notedA in Fig. 1) which was weakly coupled to the reser- Figure 3b) shows a comparison of the conductance of
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suspended nanostructure. It was shown that the dimensional-
ity of the system could be continuously reduced so that
electron—phonon coupling of 2DEG, QPCs as well as quan-
tum dots in a phonon cavity can be studied in a single device.
In particular, tuning of the electron dwell time inside the
quantum dot, which should strongly influence phonon emis-
sion, can be accomplished by variation of the tunnel cou-
pling via the appropriate gating electrodes. Furthermore, the
system can be expanded to a serial double dot structure simi-
lar to the unsuspended one discussed by Fuijisaia 8
thereby allowing one to gain further insight into phonon-
mediated dephasing processes.
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FIG. 3. (@ Conductances and derivatived G/dV, of the quantum point
contact formed by depletion of gate No. 1 at 5 K showing four quantized
conductance plateauh) Conductance quantization at 1.5 K compared for
B=0T and 4.5 T(positionse andBin Fig. 2). The lower inset illustrates the . . . . .
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